Abstract. The dynamic behaviour of earthen materials reinforced with natural fibres is little studied although earth buildings are often built in seismic areas. In this paper the dynamic behaviour of an earthen material reinforced with hemp fibres under different impact loadings has been experimentally investigated. The dynamic response of the material in 3-point bending was investigated through an instrumented dropweight device, while the response in tension and in compression was investigated through a modified Hopkinson bar device. Typical impact response curves for tension, compression and bending impact tests have been obtained. The favourable effect of fibres in dissipating fracture energy under impact loads has been observed in all these types of test.
Introduction
Buildings in earthen materials still attract considerable interest. They are widespread in many developing countries and in rural areas, and are often of particular interest for architectural heritage [1] [2] [3] [4] [5] . About one third of the world's population still live in houses built of mud or unfired earth [6] .
These types of buildings are technologically simple and highly energy-efficient. They have a very low carbon footprint, with low environment impact. Also, excellent sound and thermal insulation are provided [7, 8] .
The low strength and the brittle behaviour are probably the major issues for structural use of earth-based materials, particularly for buildings and constructions likely to be subjected to seismic events [9] [10] [11] [12] [13] . For this reason vegetal fibres (especially straw) are usually used to reinforce the earthen material [14] . In the literature there are many studies on improving the mechanical properties of the base material with straw, flax, sisal, jute and wool [15] [16] [17] [18] [19] The addition of fibres plays a premier role in strengthening earthen construction materials [20] [21] [22] , giving them not only higher tensile strength but also the ductility essential for their structural use. Then, the influence of fibres to improve the mechanical behaviour of earthen construction materials has shown to need specific investigations. In particular, fibres favourably affect also the impact behaviour of the earthen material [23] [24] [25] . In the literature there are some studies on the dynamic behaviour of adobe targets penetrated by projectiles [26] [27] .
This study examines the improvement in the dynamic behaviour provided by the addition of hemp fibres with different weight fractions in an earthen material.
The dynamic response of the materials was investigated by means of both tensile and bending impact tests. Static tests were also carried out, and the results compared with those of dynamic tests. Tensile impact tests were carried out on cylindrical specimens with diameter 20 mm and length 20 mm by using a modified Hopkinson bar device [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Three-point bending impact tests on notched samples were carried out on prismatic samples by using an instrumented dropweight machine [23] [24] .
The main focus of the analyses was in the characterization of the structural properties of the materials in terms of fracture resistance, post-cracking performance and energy absorption capability at different strain rates.
The results of the study show that hemp fibres improve significantly the mechanical and fracture properties of the earthen material under both static and dynamic bending. It was also found that the structural properties of unreinforced and reinforced earthen materials are highly sensitive to the stress-rate, with higher strength and fracture resistance under impact loading than under static loading.
Material characteristics
The samples were prepared with soil from the quaternary sediments alongside the Tirso River near Oristano (Sardinia, Italy). This soil is traditionally used to manufacture earth bricks. Granulometry, obtained by The earthen samples were reinforced with hemp fibres 10 mm in length and with an average diameter of 0.2mm. Soil mixtures with two fibre weight fractions (2% and 3%) were prepared.
Sample preparation
The mix to manufacture the samples was made of soil, hemp fibres and demineralized water.
Soil inclusions such as roots were manually removed before sieving the soil with a sieve mesh immediately higher than the maximum grain diameter of the soil. The soil was then crushed and dried (40 °C). The hemp fibres were manually chopped to 10 mm length. The water was then gradually added to the soil and the fibres until the desired water/soil weight ratio was attained.
The mix was then casted and manually compacted in perspex moulds 70×70×160 mm 3 to obtain prismatic samples. All specimens were cured for 30 days (48 h inside and 28 days out of the moulds) at room temperature and for 15 days in an oven at 40 °C.
The central notch (depth 35 mm) of notched samples was cut at sample mid-section using a diamond coated circular saw blade.
The cylindrical specimens were obtained through drilling the prismatic samples.
Experimental testing
Two types of dynamic tests were carried out in order to compare the dynamic response of the earthen material under two different types of impact load. Two different experimental set-ups were prepared.
Experimental set-ups

Instrumented drop-weight impact testing machine
The fracture behaviour and the dynamic response of the notched samples were investigated through a dropweight testing machine (Fig. 1) , loading the samples in three-point-bending at medium strain rate. End support distance was 140 mm, external force and support reaction were applied through steel cylinder 10 mm diameter.
Impact was provided through a 4.83 kg falling mass with an energy of about 50 J, corresponding to approximately 1.05 m drop height and an impact velocity slightly higher than 4.5 m/s. A pneumatic braking system captured the falling mass after impact to avoid successive rebounds. Between the impactor top and the drop weigh was mounted a piezoelectric force transducer detecting the impact force.
The velocity of the impactor immediately before contact with the sample was measured with an infra-red sensor. Integration of the contact force signal as a function of time allowed to calculate impactor displacement and kinetic energy. . Fig. 1 . Photo of the instrumented drop-weight machine.
Modified Hopkinson Bar in tension and compression
In order to analyse the dynamic behaviour of the fibrereinforced earthen materials two different experimental techniques are employed. The experimental set-ups and corresponding working principles for the high strain rate experiments are described in Figs. 2 and 3 . The systems consist of a couple of aluminium bars (input and output bars) instrumented with strain gauges. The diameters of the bars differ for tension and compression test: 20 mm for the first and 30 mm for the second. The specimen is sandwiched between the input bar and the output bar. In case of tension test it is glued to the bars while in compression test is only in contact with a thin layer of grease. Both setups use a pre-tensioned bar to store elastic energy that is suddenly released to create a tensile or compression pulse in the input bar, which propagates to the specimen, where one part of the pulse reflects back in the input bar due to the impedance mismatch and EPJ Web of Conferences 183, 02014 (2018) https://doi.org/10.1051/epjconf/201818302014 DYMAT 2018 the other part gets transmitted through the output bar. The brittle bolt is placed in different position in tension and compression tests as shown in Fig. 2 . The details of the working principle are reported elsewhere [27] [28] 32] and not repeated here for the sake of brevity. 
Results
Typical force-deflection curves of reinforced samples in three-point bending subjected to dynamic loads applied through the drop-weight bending test are shown in Fig.  4 .
Because of the inertial effect in the sample, the force transducer on the impactor cannot measure the real bending load acting on the sample [41] .
The real impact force for bending was hence calculated by subtracting the generalized inertial force from that measured by the force transducer on the impactor. The generalized inertial force was considered as a function of the acceleration at mid-span, with the acceleration along the sample assumed to vary linearly along it.
An accelerometer placed close to the notch on the lower side of the sample measured the sample acceleration history at mid-span during the impact event. EPJ Web of Conferences 183, 02014 (2018) https://doi.org/10.1051/epjconf/201818302014 DYMAT 2018 Fig. 4 shows the impact response of the unreinforced materials, with an abrupt drop of the applied load at a deflection of about 4 mm. The subsequent post-peak behaviour shows that the load sustained by the sample quickly decreases to zero, because of the brittle collapse due to the unstable propagation of a macro-crack from the notch tip.
Conversely, samples reinforced with hemp fibres (length 10 mm, fibre content of 2 and 3%) exhibit, under impact loading, peak loads similar to the unreinforced samples, but higher residual strengths at large deflections, as well as higher fracture energy, irrespectively of fibre content. Fig. 5 shows that while for low deflection values (5 mm) energy absorption of samples with fibre content 2 and 3% was similar, for higher deflection values samples with 3% fibre content samples with 3% fibre content dissipate higher energy than samples with 2% fibre content. Table 1 . Results of the dynamic tension tests. Table 2 . Results of the dynamic compression tests.
In general, the pull-out process of the fibres governs the post failure region. The small diameter of the fibres as well as their percentage influence positively the phenomena with a high dissipation of energy. The results of the dynamic tests in tension and compression carried out through using the modified Hopkinson bar device are reported in Table 1 and Table  2 , respectively. The stress versus time curves of the 2% and 3% fibrereinforced earthen samples tested in tension and in compression are plotted, respectively, in Figures 6 and 7 and in Figures 8 and 9 . It can be observed how, similarly to the samples tested in 3-point bending, the increase of hemp fibre content increases the energy dissipation, thus improving the composite post-peak behaviour. The samples tested in tension show to have same abrupt drop of the applied load immediately after the peak load as the samples subjected to bending. In both cases, this sudden strength decrease after peak load is reduced by the increase in fibre content from 2 to 3% (compare the plots in Figure 4 , and Fig. 6 with Fig.7 ).
In the samples tested in compression the drop of the applied load was shown to be smoother than in the previous cases, because, contrary to the samples tested in tension, the fibre pull-out mainly occurred in the diameter directions orthogonally to the direction of the applied load.
It can be noted that the samples tested in compression appear to be less rigid than the samples tested in tension. This is reasonably due to the fact that while the fibres work well in tension in reinforcing the earthen material, they are not effective in reinforcing the samples loaded in compression. In this case, in the compression direction they have the effect of flaws that weaken the material, while the only favourable effect is to dissipate energy with the fibre pull-out in the diameter direction.
Conclusions
Reinforcing the earthen material with fibres is a traditional practice in earth construction because highly reduces brittleness of the earthen material and increases earth buildings ductility. This effect is of particular importance in seismic areas, where earth constructions are frequently built.
In this study the effect of reinforcing the earthen materials with fibres when dynamic loads are applied has been experimentally investigated.
The earthen material reinforced with hemp fibres subjected to impact loads has been investigated in bending (carrying out drop-weight bending tests), as well as in tension and in compression using a modified Hopkinson bar device.
Typical impact response curves for these three types of tests have been obtained. The favourable effect of fibres in dissipating energy in all these dynamic tests has been observed. This is a favourable property for buildings in seismic areas.
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